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Abstract
The predictable quantum efficient detector (PQED) consists of two custom-made induced 
junction photodiodes that are mounted in a wedged trap configuration for the reduction of 
reflectance losses. Until now, all manufactured PQED photodiodes have been based on a 
structure where a SiO2 layer is thermally grown on top of p-type silicon substrate. In this 
paper, we present the design, manufacturing, modelling and characterization of a new type of 
PQED, where the photodiodes have an Al2O3 layer on top of n-type silicon substrate. Atomic 
layer deposition is used to deposit the layer to the desired thickness. Two sets of photodiodes 
with varying oxide thicknesses and substrate doping concentrations were fabricated. In order 
to predict recombination losses of charge carriers, a 3D model of the photodiode was built 
into Cogenda Genius semiconductor simulation software. It is important to note that a novel 
experimental method was developed to obtain values for the 3D model parameters. This makes 
the prediction of the PQED responsivity a completely autonomous process. Detectors were 
characterized for temperature dependence of dark current, spatial uniformity of responsivity, 
reflectance, linearity and absolute responsivity at the wavelengths of 488 nm and 532 nm. 
For both sets of photodiodes, the modelled and measured responsivities were generally in 
agreement within the measurement and modelling uncertainties of around 100 parts per million 
(ppm). There is, however, an indication that the modelled internal quantum deficiency may be 
underestimated by a similar amount. Moreover, the responsivities of the detectors were spatially 
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uniform within 30 ppm peak-to-peak variation. The results obtained in this research indicate 
that the n-type induced junction photodiode is a very promising alternative to the existing 
p-type detectors, and thus give additional credibility to the concept of modelled quantum 
detector serving as a primary standard. Furthermore, the manufacturing of PQEDs is no longer 
dependent on the availability of a certain type of very lightly doped p-type silicon wafers.
Keywords: radiometry, induced junction, silicon photodetector, primary standard, radiant flux
(Some figures may appear in colour only in the online journal)
1. Introduction
Recently the concept of predictable quantum efficient detector 
(PQED) was introduced as a straightforward method of accu-
rate radiant flux measurements in the visible wavelength range 
[1–3], and also included as one of the methods to quantify the 
amount of incident optical radiation in the mise en pratique of 
the candela [4]. In general, the radiometric quantity radiant flux 
[5–7], commonly referred to as optical power, can be realized 
using absolute radiation sources or detectors. Source-based 
realization of the absolute radiant power scale can be based on 
Planckian radiators [6–8], synchrotron radiation [6, 7, 9–11], 
or photon pairs produced by parametric down-conversion [7, 
12, 13]. Standard detectors, on the other hand, can be divided 
into two main categories based on their operation principle: 
thermal detectors sense the heating effect of optical radiation 
and quantum detectors, such as silicon photodiodes, convert 
photons into detected charge carriers. In detector-based radi-
ometry, the cryogenic electrical substitution radiometer (ESR) 
[6, 7, 14–18] has been a pivotal instrument since its incep-
tion around the turn of the 1980s, enabling unprecedented low 
uncertainties typically around 100 parts per million (ppm) 
[19] and for certain calibration conditions as low as 30 ppm 
[2]. Consequently, over a wide spectral range, the absolute 
radiant power scales of most National Metrology Institutes 
(NMIs) are traceable to cryogenic ESRs [20, 21]. However, 
these instruments are operated near the temperature of 10 K, 
and have demerits, such as high investment and maintenance 
costs, demanding operation, relatively small dynamic range 
and slow response.
The other category of standard detectors consists of 
quantum detectors. For an ideal quantum detector, the con-
version ratio of incident photons into electron–hole pairs is 
exactly one; thus, the spectral responsivity
R0 (λ) =
eλ
hc
 (1)
is only dependent on the vacuum wavelength λ and funda-
mental constants c, e and h. In practice, however, the respon-
sivity is affected by reflectance of the detector, ρ(λ), and 
relative losses and gains of the charge carriers in the photo-
diode, δ(λ). Therefore, the spectral responsivity of a practical 
silicon photodiode is given by
R (λ) = R0 (λ) (1− ρ (λ)) (1− δ (λ)) , (2)
where the latter parameter δ(λ), also referred to as internal 
quantum deficiency (IQD), can be further divided into 
comp onents arising from recombination losses and quantum 
gains of charge carriers and absorption losses of photons. The 
combined effect of IQD and reflectance losses is called external 
quantum deficiency (EQD). Predicting the value of δ(λ) using 
fundamental principles together with the knowledge of some 
physical parameters enables to use the silicon photodiode as 
an absolute radiometric standard. This concept was first pro-
posed in the late 1970s [22] and studied during the following 
decade [23–28]. However, it was not until quite recently that 
uncertainties close to those of cryogenic ESRs were proposed 
[29] and achieved [1–3]. Gran and Sudbø developed the tech-
nique of hybrid self-calibration [30, 31], which combines the 
self-calibration method by Zalewski and Geist [23] and an 
absolute calibration method of silicon photodiodes by purely 
relative measurements [32]. With the hybrid self-calibration, 
responsivity of a trap detector employing commercial photo-
diodes can be determined with standard uncertainty around 
200 ppm at the wavelength range of 600 nm–900 nm [30, 31].
The motivation behind the PQED [1–3, 33, 34] is to reduce 
both loss mechanisms ρ(λ) and δ(λ), so that their magnitude 
can be determined with small enough uncertainty. The near-
zero IQD of the PQED is achieved by using custom-made 
induced junction photodiodes [1, 35]. Using a one-dimen-
sional (1D) photodiode model, the IQD has been predicted 
with an estimated standard uncertainty of 70 ppm in the vis-
ible wavelength range [33]. Further work to improve the 
prediction using three-dimensional (3D) modelling has been 
on-going [36]. Reflectance losses, on the other hand, are con-
trolled using the trap configuration [1, 37, 38], which reduces 
the specular reflection to tens of ppm for p polarized light. The 
diffuse reflectance of the custom-made photodiodes has been 
measured to be less than 0.05 ppm [1]. In order to prevent dust 
and moisture contamination, the detectors are assembled in 
a clean room, and room temperature operation is done using 
dry nitrogen flow [3]. The combined standard uncertainty of 
the responsivity in the visible wavelength range is less than 
100 ppm. This result has been experimentally confirmed with 
measurements against cryogenic ESRs [2]. The comparison 
between measured and predicted spectral responsivities of p-
type PQEDs showed systematic underestimations of the EQD 
between 11 ppm at 476 nm and 111 ppm at 760 nm at room 
temperature [1, 2]. This means, however, that the prediction 
and experimental validation agree at the 95% confidence level.
The PQED has the potential to serve as a primary standard 
of optical power. It has many advantages over primary 
methods discussed above, such as low investment and main-
tenance cost, compact size and convenience of use similar 
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to typical trap detectors. Moreover, its responsivity is linear 
over seven orders of magnitude [2] and provides uncertain-
ties comparable to the cryogenic ESR even when it is oper-
ated at room temperature. In addition to radiometry, the 
PQED has been exploited in photometry [39, 40], and it is 
also listed as a primary method in the mise en pratique for 
the definition of the candela and associated derived units [4]. 
Other applications include fibre optic power measurements 
[41] and absolute radiation thermometry [42]. There is also an 
on-going research to operate the induced junction photodiode 
of the PQED both as a thermal and as a quantum detector 
[43–46], thus combining two independent primary standard 
detectors into one device. Disadvantages of the PQED are the 
limited wavelength range and high demand of cleanliness in 
the manufacturing and assembly, and the lack of procedure to 
validate some of the assumptions made in the prediction of the 
PQED responsivity. In addition, two of the parameters used 
in predicting the responsivity, bulk lifetime of the charge car-
riers and effective surface recombination velocity of charge 
carriers, have been problematic as they can only be estimated 
with relatively high uncertainty [33].
Until now, all manufactured PQEDs have been based on 
induced junction photodiodes, where a silicon dioxide (SiO2) 
layer of 200 nm–300 nm in thickness is thermally grown on 
top of p-type silicon substrate. This structure inherently con-
tains trapped positive charge close to the Si–SiO2 boundary 
[47], which generates an n-type inversion layer in the p-type 
silicon and produces a depletion region required for photocur-
rent generation [1, 35]. The manufacturing process described 
in [1] has the drawback that growing sufficiently thick SiO2 
takes long time. Due to operation at temperatures around 
1000 °C, the process is also expensive and increases the risk 
of contamination. Moreover, the manufacturing of PQEDs 
is dependent on the availability of very lightly doped p-type 
silicon oriented in 〈1 1 1〉 direction. The detector industry, on 
the other hand, uses predominantly n-type silicon substrates.
Induced junction photodiodes can also be manufactured 
using n-type silicon substrate, which requires negative charge 
to be present in the oxide layer in order to form the inversion 
layer. This can be achieved, for example, with an aluminium 
oxide (Al2O3) layer on top of the substrate, for which nega-
tive surface charges around 1013 e cm−2 have been observed 
[48]. Moreover, the oxide layer can be grown using atomic 
layer deposition (ALD) [49, 50], which provides a controlled 
method to produce uniform oxide layers to an atomically 
specified thickness. This approach of n-type induced junction 
with ALD grown Al2O3 layer has been demonstrated to work 
as quantum detector with IQD less than 3.4% at 490 nm [51] 
and later the same idea was exploited in manufacturing broad-
band black silicon photodiodes with EQD less than 4% over 
the wavelength range of 250–950 nm [52].
In this work, we introduce a new type of PQED photo-
diode, where ALD is used to grow an Al2O3 layer on top of 
n-type silicon substrate. The fundamental structure of the new 
photodiode is similar to the previous design [1], but due to the 
high fixed charge density Qf, the Al2O3 layer can be a factor of 
10 thinner than the SiO2 layers used with p-type PQED pho-
todiodes. Two sets of photodiodes were manufactured using 
substrates with varying doping concentrations and thick-
nesses and assembled into PQED trap configurations. For 
both sets, the responsivities of the detectors were predicted 
by determining the absorption, reflectance and recombina-
tion losses. The refractive index and absorption coefficient of 
the Al2O3 layer and the layer thicknesses of the photodiode 
structure were measured using spectroscopic ellipsometry. 
The obtained values were used to calculate absorption and 
reflectance losses using the transfer-matrix method (TMM). 
Reflectance losses were also measured from the backreflected 
beam of the PQED. In addition, detectors were characterized 
for temperature dependence of dark current, spatial uniformity 
of responsivity and photocurrent ratio, linearity, and abso-
lute responsivity. In order to estimate recombination losses, 
a 3D simulation model of the photodiode structure was built 
into the semiconductor simulation software Cogenda Genius 
TCAD v. 1.8.0 [53]. With the exception of surface recombina-
tion velocity for electrons and holes, S0, and fixed charge of 
the Al2O3 layer, the modelling parameters that cannot be arbi-
trarily selected in the manufacturing process were obtained 
from the wafer manufacturer or directly measured. We devel-
oped a new method to extract the values for the parameters S0 
and Qf, where simulated relative changes of the photocurrent 
as a function of bias voltage are compared with the exper-
imental data. This makes the prediction of the PQED respon-
sivity a completely autonomous process.
2. Photodiodes and detector assembly
Theory and physical properties of the induced-junction photo-
diodes are discussed, for example, in [1, 35, 54]. While these 
studies assume a structure of a SiO2 layer on a p-type Si sub-
strate, the system is described in terms of charge distributions, 
and thus the theory is also applicable to the n-type Si with 
an Al2O3 layer. Hence, our main focus is in the design and 
processing of the photodiodes and theory is discussed only 
briefly.
2.1. Photodiode structure
Figure 1 shows the schematic cross section  of the n-type 
induced junction photodiode design. With the exception of 
opposite dopants, oxide layer material, and back-side diode 
contact, the fundamental structure resembles that of the pre-
viously produced p-type PQED photodiodes [1]. The Al2O3 
layer on top of the very lightly doped silicon substrate inher-
ently contains negative surface charge, the density of which is 
affected by ALD process parameters, such as temperature, sur-
face treatment prior to ALD, and all the subsequent annealing 
steps. This fixed charge induces a p-type inversion layer in 
the bulk silicon, which in turn produces a depletion region. In 
effect, the structure generates the pn-junction without a diffu-
sion process.
Two sets of photodiodes, denoted as sets A and B, were 
manufactured. With the exception of guard rings, the pho-
todiode layouts of the two sets are identical. In addition to 
photodiodes, both sets had capacitor test structures for the 
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characterization of SiO2 and Al2O3 layer properties. The 
area of the Al2O3 layer, i.e. the size of the induced junction 
region, is 11 mm  ×  22 mm. It is surrounded by ring-like p+ 
diode contact and p+ implants functioning as guard rings. Set 
A of photodiodes has 16 guard rings and set B has one. The 
back-side of the substrate is uniformly implanted with a few 
micrometers thick n+ layer and metallized with a 500 nm layer 
of aluminium, which serves as the other diode contact. When 
operated, the diode is reverse biased by applying a voltage 
of 5–20 V between the diode contacts. This further extends 
the depletion region tens of micrometers into the bulk and 
increases the collection efficiency of charge carriers.
2.2. Photodiode processing
The n-type photodiodes were processed at VTT Micronova 
cleanroom facilities [55]. The manufacturing process is sim-
ilar to that of normal n-type photodiodes with the addition of 
ALD grown Al2O3 layers. For starting material, two types of 
150 mm-diameter double polished silicon wafers from Topsil 
[56] were used: a (1000  ±  20) µm thick wafer with nominal 
resistivity of 23 kΩ·cm for set A, and a (500  ±  10) µm thick 
wafer with nominal resistivity of 10 kΩ·cm for set B. The 
resistivities correspond to approximate phosphorous doping 
levels of 2 · 1011 cm−3 and 4 · 1011 cm−3, respectively.
The process starts with wet oxidation at 1050 °C. The 
oxide layer is patterned with photolithography and used as a 
masking layer for the ion implantation. Screen oxide is used 
during implantation of boron implants on the front side and 
phosphorous implants on the back surface. The implanted 
areas are activated in an oxidation furnace at 1050 °C. After 
the drive-in, contact areas to the implants and induced junc-
tion area are opened to the silicon using buffered hydrofluoric 
acid etching. This is followed by the ALD process; 300 cycles 
of Al2O3 in a Picosun Sunale R-150B [57] ALD reactor result 
in the nominal layer thickness of 30 nm. After deposition, 
wafers are patterned, and excess Al2O3 is removed from areas 
outside induced junctions. Next the front side is metallized 
with aluminum and patterned, followed with back metalliza-
tion and finally sintering at 425 °C.
After the processing, the photodiodes were IV-characterized 
for dark current density and potential breakdown behavior. As 
expected, the photodiodes do not suffer from breakdown prob-
lems at the low voltages used in this application. Dark current 
densities around 1 nA·cm−2 and 3 nA·cm−2 were measured 
from set A and B photodiodes, respectively.
The final thickness of the Al2O3 layer is defined by the 
aluminum etching process, as each etching round takes away 
around 2–3 nm from the oxide layer. The number of etching 
rounds for sets A and B were one and two, resulting in nom-
inal oxide thicknesses of 27 nm and 25 nm, respectively. In 
addition to processed layers, a few nanometers thick SiO2 
layer is unavoidably formed between the bulk silicon and the 
Al2O3 layer.
2.3. Photodiode carrier
The processed photodiodes were glued to carrier chips using 
low outgassing cryogenic glue (Stycast 8250FT/CAT9). 
Unlike the previous design [1], the carriers were manufac-
tured from 1 mm thick silicon wafer. This silicon on silicon 
structure overcomes the problems associated with the devi-
ating thermal expansion coefficient of the photodiode and the 
carrier.
For mounting purposes, a 3 mm-diameter hole is etched 
to the carrier chip. The photodiode signals are connected to 
the carrier bonding pads using aluminium wires and ultrasonic 
bonding, from which the signals are routed to a miniature 
U.FL connector on the carrier using copper metallizations. 
The completed photodiode and carrier assembly, shown in 
Figure 2. PQED photodiode attached to the photodiode carrier, 
photographed in the clean room. The assembly lays on a Gel-Pak® 
container, which immobilizes and protects the assembly during 
shipping and handling.
Figure 1. Cross section of the structure (not to scale) of the set B photodiode. Set A structure is identical, but instead of one guard ring (the 
outermost p+ implantation) there are 16 guard rings. The red square in the left side figure of photodiode and carrier assembly indicates the 
cross-section area.
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figure 2, is 15 mm  ×  38 mm in size, and the overall thickness 
with the connector is less than 3 mm.
2.4. Detector assembly
The photodiode and carrier assemblies were mounted to preci-
sion mechanics in order to achieve the wedged light-trapping 
configuration (see figure  3). These types of trap structures 
are thoroughly studied in [37, 38]. Two seven-reflection traps 
from both sets of photodiodes, denoted here as A1, A2, B1 and 
B2, were assembled and operated by Aalto University, and 
one nine-reflection trap from set A photodiodes, denoted as 
A3, was assembled and operated by Physikalisch–Technische 
Bundesanstalt (PTB).
In order to prevent dust and moisture contamination, 
the detectors were assembled in a clean room. The detec-
tors assembled by Aalto University have air-tight cylindrical 
bodies with airtight caps which protect the photodiodes during 
storage. Unlike in the previous design of the detector [3], a 
Brewster window was not used in front of the trap assembly. 
Instead, the incident light enters photodiodes directly, simi-
larly as in [39, 40]. When the detector is operated, dust and 
moisture contamination is prevented by using dry nitrogen 
flow through the detector frame [3]. The backside of the cylin-
drical detector body provides the connections for photodiode 
signals and nitrogen flow. The photodiodes are connected 
using two BNC connectors. This allows the photocurrents of 
both photodiodes to be measured separately. Alternatively, the 
photodiodes can be connected in parallel. In this case, a single 
current-to-voltage converter (CVC) and biasing circuitry can 
be used to record the total photocurrent. The BNC connec-
tors are insulated from the detector body, enabling a floating 
measurement of photocur rents and a separate grounding for 
the housing. The PQED assembled by PTB has a cryostat 
housing, allowing the operation of the PQED at room and 
liquid nitrogen temperatures and in vacuum. A 7 mm aperture 
in front of the photodiodes matches the aperture in front of 
the receiver cavity of the cryogenic ESR of PTB, and thus 
reduces the uncertainty contribution of stray radiation when 
PQED and cryogenic ESR are compared. This and the possi-
bility of operating the PQED in vacuum and behind a common 
Brewster window enable uncertainties as low as 30 ppm in the 
comparison of the detectors.
The reflectance and alignment of a wedged trap detector 
are sensitive to the angle between the photodiodes. The angle 
was measured from the mechanics of the seven-reflection 
traps using a coordinate measuring machine. The maximum 
deviation from the nominal value of 15° was 0.04°, while the 
average deviation was 0.01°.
3. Calculated reflectance and absorption losses
3.1. Calculation method
The absorption and reflectance losses of the n-type PQED 
photodiodes were analysed using the transfer-matrix method 
(TMM). A comprehensive description of the method can be 
found in literature [58, 59]. The photodiode structure was sim-
plified in the calculations by assuming a layer of Al2O3 and 
an interface layer of SiO2 on infinitely thick layer of Si. This 
is justified, since the penetration depth of photons into silicon 
is in the order of micrometers at the wavelengths of interest.
By applying TMM to the layer structure of the photodiode, 
the specular reflectance ρr,m(λ, θ) and the oxide absortion 
ηa,m(λ, θ) of a single photodiode at incident angle θ and wave-
length λ can be calculated. The subscript m, equal to p or s, 
denotes the polarization state of the incident light. The total 
reflection of the trap structure then becomes
ρm (λ) =
N∏
i=1
ρr,m (λ, θi) (3)
where N is the total number of reflections, 7 or 9 in this case. 
The incident angles are calculated as
θi = 45◦ + (1− i)β (4)
where β is the angle between the photodiodes. Deriving the 
equation for total absorption losses in turn yields
Figure 3. Schematic drawing of the light-trapping assembly. The 
angle between the photodiodes is 15° for the seven-reflection trap 
structure and 11.25° for the nine-reflection structure.
Figure 4. Refractive index and extinction coefficient of the ALD 
grown Al2O3 layer of the n-type PQED photodiode.
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ηm (λ) = ηa,m (λ, θ1) +
N∑
i=2
ηa,m (λ, θi) i−1∏
j=1
ρr,m (λ, θj)
.
 (5)
3.2. Calculation parameters
The required calculation parameters are the refractive indices, 
extinction coefficients and the layer thicknesses of the 
materials. The Al2O3 layer thicknesses were determined from 
two set A photodiodes and four set B photodiodes using spec-
troscopic ellipsometry [60, 61]. The average values obtained 
were (23.1  ±  1.4) nm and (26.1  ±  1.4) nm for set A and B, 
respectively. The quoted standard uncertainty of 1.4 nm takes 
into account the thickness variation across the photodiode, 
which has an average standard uncertainty of around 0.3 nm 
for the photodiodes. The SiO2 layer thickness of the photodi-
odes was measured to be (1.6  ±  1.3) nm.
Figure 5. Calculated reflectance (a) and absorption losses (b) of the seven-reflection n-type PQED at the wavelength of 488 nm.
Figure 6. Calculated reflectance (a) and absorption losses (b) of the nine-reflection n-type PQED at the wavelength of 532 nm.
Table 1. Calculated absorption and reflectance losses of seven- and nine-reflection PQEDs assembled from set A and B photodiodes for p 
polarized light. Standard uncertainty of each value is given.
Loss Wavelength/nm
Seven reflections Nine reflections
Set A Set B Set A Set B
Oxide absorption/ppm 488 4.0  ±  0.3 4.7  ±  0.4 4.1  ±  0.3 4.7  ±  0.4
532 2.6  ±  0.2 3.0  ±  0.2 2.6  ±  0.2 3.0  ±  0.2
Reflection/ppm 488 152  ±  29 112  ±  25 13.6  ±  3.4 9.1  ±  2.7
532 116  ±  19 89  ±  17 9.7  ±  2.0 6.9  ±  1.7
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The refractive indices and extinction coefficients of SiO2 and Si 
were interpolated from tabulated values of [61, 62], respectively. 
For ALD grown Al2O3 layers, the optical properties are dependent 
on the process parameters and substrate material [63, 64], 
and deviate significantly from that of crystalline Al2O3. 
Therefore, the complex refractive index of Al2O3 was measured 
by spectroscopic ellipsometry. The obtained values, shown in 
figure 4, are within the range of reported values [48, 63–65].
3.3. Calculation results
All calculations were conducted for p polarized light, as it was 
used in the measurements. The calculated reflectance and oxide 
absorption losses of a seven-reflection trap at the wavelength of 
488 nm for varying Al2O3 and SiO2 interface layer thicknesses 
are shown in figures 5(a) and (b), respectively. Similarly, the 
results for the nine-reflection trap at the wavelength of 532 nm 
are shown in figures 6(a) and (b). The wavelengths correspond 
to those used in the characterization of the detectors (see sec-
tion 5). Although the absorption losses are dependent on the 
thickness of the SiO2 layer, all absorption occurs in the Al2O3, 
as the absorption coefficient of the SiO2 layer is identical to 
zero for the wavelengths of interest [61, 66].
By applying the results shown in figures 5 and 6 to layer 
thicknesses of set A and B photodiodes, the absorption and 
reflectance losses of seven- and nine-reflection PQEDs assem-
bled from both sets were predicted for p polarized light. The 
values—together with estimated standard uncertainties—are 
given in table 1. The uncertainty analysis takes into account 
contributions due to layer thicknesses, photodiode alignment 
and complex refractive indices. Uncertainty due to photodiode 
alignment was estimated by varying the angle between the 
photodiodes (β in equation (4)) by  ±0.05°.
4. Calculated recombination losses
4.1. Simulation model
As all photodiodes from the same production set are assumed 
to be identical with respect to charge-carrier recombination 
losses, the IQD is modelled for a single photodiode and applied 
to all photodiodes from that set. In order to predict the charge-
carrier recombination losses, a 3D simulation model of the 
photodiode structure was built into Cogenda Genius TCAD v. 
1.8.0 [53], which is a semiconductor simulation software for 
determining the charge carrier transport in semiconductors in 
Figure 7. Simulation structure. A schematic drawing is inserted to show the simulation structure relative to the whole photodiode.
Table 2. Default modelling parameters. If the values for sets A and B deviate, the value for set B is given in parenthesis.
Parameter Value Reference
Bulk doping concentration/cm−3 2.5 · 1011 (4.4 · 1011) Wafer manufacturer certificate
Bulk lifetime/ms 40 (28) Wafer manufacturer certificate
Thickness of wafer/µm 1000 (500) Wafer manufacturer certificate
Backside doping level/cm−3 1020 Diode processing parameter
Photodiode sizea/µm 6000  ×  6000 Diode processing parameter
Contact ring width/µm 100 Diode processing parameter
Active area of photodiodesa/µm 5000  ×  6000 Diode processing parameter
Power level/µW 100
Beam size/µm 400  ×  400
Applied reverse bias voltageb/V 5
Vacuum wavelength/nm 488.12
Fixed charge density/e·cm−2 3.9 · 1012 (4.5 · 1012) See section 4.2
Surface recombination velocity/cm·s−1 3 · 104 (5 · 104) See section 4.2
a Dimensions correspond to the truncated photodiode model.
b When the default parameters are used, the recombination losses saturate at reverse bias voltages of 4 V or higher. Thus, the predicted IQD is valid for char-
acterization measurements performed at 10 V bias voltage.
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2D or 3D. The software solves the Poisson’s equation coupled 
with the continuity equation of holes and electrons [67, 68]. 
Shockley–Read–Hall (SRH) [69, 70], direct and Auger recom-
bination models [67, 68] are implemented by default for the 
bulk, and the total bulk recombination is extracted from an 
integral of the whole simulation device. Surface recombina-
tion rate is modelled with the equation
Us =
(
nsps − n2i
)
S−1n (ns + ni) + S−1p (ps + ni)
, (6)
where ni is the intrinsic carrier concentration, ns and ps are the 
electron and hole concentrations at the surface, respectively, 
and Sn and Sp are the surface recombination velocities for 
electrons and holes, respectively.
Equation (6) can be derived from SRH formalism. By 
assuming a single level defect close to the midgap, where 
the recombination center is most effective [68], the surface 
recombination rate becomes [48, 68, 71]
Us =
(
nsps − n2i
)
vthNit
σ−1p (ns + n1) + σ−1n (ps + p1)
, (7)
where vth is the thermal velocity of the electrons, σp and σn 
are the hole and electron capture cross sections, respectively, 
Nit is the interface defect density and n1 and p1 are statistical 
terms. Furthermore,
n1 = p1 = ni, (8)
if the defect is assumed to be exactly at the middle of for-
bidden band [71]. Equation (6) is then obtained by denoting 
Sn = vthNitσp and Sp = vthNitσn, and substituting equation (8) 
into (7). In our calculations, the surface recombination veloci-
ties were modelled with a single parameter for electrons and 
holes, S0 = Sn = Sp. The parameters S0, Sn and Sp should not 
be confused with the effective surface recombination velocity, 
Seff, which is deduced from the effective lifetime of the 
Figure 8. Measured and simulated relative change of photocurrent as a function of bias voltage for Set B photodiodes. The simulations are 
shown for Qf values 3 · 1012 e cm−2 (a), 4 · 1012 e cm−2 (b), 5 · 1012 e cm−2 (c) and 6 · 1012 e cm−2 (d). The inserts show the deviations of 
simulated values from cubic spline interpolation of the measured values.
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minority carriers in the substrate and commonly reported for 
photovoltaic devices [48, 72].
Figure 7 shows the simulation structure, which corresponds 
to 1/8 of the real device. The length truncation and symmetry 
are applied in order to reduce the computational requirements. 
Calculation is also simplified by approximating the illumi-
nated area as a uniform square. Default input parameters for 
the model, given in table 2, are used in the simulations unless 
otherwise stated. With the exception of S0 and Qf, the param-
eters that cannot be arbitrarily selected in the manufacturing 
process were obtained from the wafer manufacturer or were 
directly measured.
4.2. Obtaining values for fixed charge density Qf and surface 
recombination velocity S0
We developed a method to extract the values for S0 and Qf, 
where the relative change of photocurrent as a function of bias 
voltage is measured, and the simulated bias voltage depend-
ence of photocurrent is then fitted to the experimental data. The 
Figure 9. Measured and simulated relative change of photocurrent for Set B photodiodes. The simulations are shown for Qf values of  
4.3 · 1012 e cm−2 (a), 4.5 · 1012 e cm−2 (b) and 4.7 · 1012 e cm−2 (c). The inserts show the deviations of simulated values from cubic spline 
interpolation of the measured values.
Figure 10. Measured and simulated relative change of photocurrent 
for both sets of photodiodes, showing the best fits. These 
correspond to S0 values of 3·104 cm s−1 and 5 · 104 cm s−1, and Qf 
values of 3.9 · 1012 e cm−2 and 4.5 · 1012 e cm−2 obtained for sets A 
and B, respectively.
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measurement is straightforward; a single photodiode or a trap 
assembly is illuminated with stabilized laser beam. In the latter 
case, only the photocurrent of one of the photodiodes is taken 
into analysis and the other can be used as a monitor detector 
signal, as was done here. A rough estimate of the optical power 
absorbed by the photodiode needs to be known. Easiest way 
to determine this is to assume the photodiode to be ideal, as 
the IQD of the PQED is insignificantly small compared to 
the required accuracy of around 5%. Optionally, the incident 
power can be measured with another calibrated detector.
Fitting parameters S0 and Qf to experimental values is 
essentially a task of nonlinear numerical optimization. Various 
algorithms, such as the Nelder–Mead method [73], can be 
applied to such problems. However, since the computational 
time required for the calculation of one curve, i.e. the bias 
voltage dependency of the responsivity with a single combina-
tion of the two parameters, is around 1 h, the time required to 
find an ideal fit becomes exceedingly long. Therefore, a sys-
tematic manual approach described below was used. Examples 
are shown for set B, but identical treatment was made for set A 
also. It should be noted, that Qf can also be determined using 
contactless capacitance–voltage measurement [74, 75]. The 
Qf was measured from test structures on the wafers using this 
method. However, the accuracy was found to be insufficient, 
as each measurement affects the observed charge and the 
reproducibility of the measurement is poor. Nonetheless, the 
method can still be useful, as it provides a rough estimate of 
Qf to facilitate the curve fitting. In this case, it was estimated 
that for both sets the Qf values are in the range of 2 · 1012  
e cm−2 to 7 · 1012 e cm−2.
For both sets, the modelled relative change of photocur-
rent as a function of bias voltage was modelled for Qf values 
ranging from 2 · 1012 e cm−2 to 6 · 1012 e cm−2 and S0 values 
ranging from 1 · 104 cm s−1 to 3 · 105 cm s−1. The IQD satur-
ates when the reverse bias voltages is around 4 V or higher 
and the relative change is given as relative deviation from the 
saturated value. The studied characteristics of the curves are 
the relative deviation of the zero bias photocurrent from satur-
ated value, referred to as the amplitude of the curve, and the 
shape of the curve.
Figures 8(a)–(d) show, together with the experimental 
values, the modelled relative change of photocurrent for set 
B photodiodes for Qf values from 3 · 1012 e cm−2 to 6 · 1012 
e cm−2 and S0 values from 3 · 104 cm s−1 to 3 · 105 cm s−1. 
Extreme boundaries of the Qf are easy to determine; either the 
amplitude or the shape of the curve—or both—differ signifi-
cantly from the measured curve regardless of the S0 value. At 
Qf values of 4 · 1012 e cm−2 and 5 · 1012 e cm−2, the S0 value of 
around 1 · 105 cm s−1 gives the smallest amplitude; increasing 
or decreasing S0 increases the amplitude, which also makes 
the match to the experimental amplitude worse in all cases. 
With additional calculations, the S0 and Qf values can be fur-
ther iterated. Interpolated curve at Qf  =  4.5 · 1012 e cm−2 and 
S0  =  1 · 105 cm s−1 gave a reasonable fit. This point served 
as the initial guess for the next round of calculations, shown 
in figures 9(a)–(c), where Qf values range from 4.3 · 1012 e 
cm−2 to 4.7 · 1012 e cm−2 and S0 values from 5 · 104 cm s−1 to 
2 · 105 cm s−1. The best fits for both sets are shown in figure 10.
4.3. Simulation results
Using the parameters given in table 2, the calculated recom-
bination losses at the wavelength of 488 nm for sets A and B 
become 14+74−13 ppm and 21
+68
−14 ppm, respectively. The quoted 
95% confidence interval was estimated by varying the param-
eters within reasonable limits and by testing the effects of the 
assumptions related to calculations. The uncertainty budget is 
given in table 3.
The largest contributions to the uncertainty of the calcu-
lated recombination losses come from the uncertainty of 
bulk doping concentration and the parameters S0 and Qf. In 
the experimental results, the standard uncertainty of the rela-
tive change of photocurrent is around 0.01% and 0.003% for 
sets A and B, respectively, and it is dominated by the random 
Table 3. Main uncertainty components of the calculated recombination loss at the wavelength of 488 nm. All values are given at 95% 
confidence level.
Component
Uncertainty of component Uncertainty of recombination loss/ppm
Set A Set B Set A Set B
Bulk doping concentration/cm−3 2 · 1011 2 · 1011 +30
−7
+20
−7
Bulk lifetime/ms +10
−25
+10
−15
4 6
Thickness of wafer/µm 20 40 0.1 0.1
Backside doping level/cm−3 0.2 · 1020 0.2 · 1020 0.1 0.1
Length and width of the active areaa/µm 20 20 0.01 0.01
Beam intensity profile 0.1 0.1
FC density/e·cm−2 0.2 · 1012 0.2 · 1012 6 6
SRV/cm·s−1 +1.5 · 105
−2 · 104
+1.5 · 105
−2 · 104
+67
−9
+64
−8
Combined uncertainty +74
−13
+68
−14
a Includes the component arising from the truncated photodiode model.
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component. The bias voltage was measured with a multimeter 
connected in parallel with the photodiode. This measurement 
had an absolute standard uncertainty of around 30 µV, cali-
bration uncertainty of the multimeter being the largest uncer-
tainty component. The thermoelectric effects were assumed 
to be negligible, since the Seebeck coefficients of common 
cable and connector materials are around  ±2 µV·K−1 [76] 
and the temperature gradients in the controlled laboratory 
environ ment are less than 1 K. At the steepest point, the rela-
tive change of photocurrent has a slope of about 1.7%·V−1. 
Thus, in terms of relative change of photocurrent, the uncer-
tainty due to bias voltage measurement is insignificant.
The uncertainty due to bulk lifetime and doping concentra-
tion was estimated by varying parameters one at a time within 
the 95% confidence interval and performing the fitting process 
of section 4.2. Reducing the bulk lifetime leads into increased 
Qf and decreased S0, and vice versa. Changing the doping con-
centration has little effect on the amplitude of the curve, but the 
shape of the curve needs to be altered by changing the S0 value.
5. Characterization measurements
Characterization measurements were performed at Aalto 
University using power stabilized Ar+ laser operated at the 
vacuum wavelength of 488.12 nm. The guard rings of the 
photodiodes were left floating in all measurements. Seven-
reflection PQEDs assembled from both sets of photodiodes 
were characterized for spatial uniformity of responsivity 
and photocurrent ratio, specular reflectance, and absolute 
responsivity. In addition, the linearity of a PQED from set 
A and temperature dependence of dark current for a photo-
diode from both sets were measured. With the exception of the 
latter, all measurements were performed at room temperature. 
A schematic of the setup used for characterization measure-
ments is shown in figure 11. For all measurements, unless oth-
erwise specified, the detector was aligned in such a way that 
the beam hits the centre of the active area of the detector. This 
was achieved by moving the PQED in front of the laser beam 
using an xy translator and finding the edges of the active area. 
The centre of the active area is then taken as the midpoint of 
the edge-to-edge distances along horizontal and vertical axes.
In addition to characterization measurements by Aalto 
University, the absolute responsivity of a nine-reflection 
PQED assembled from set A photodiodes was measured at the 
wavelength of 532 nm by PTB at room temperature. Further 
details of measurement conditions are given in table 4.
Figure 11. Block diagram of the measurement setup at Aalto University. The detectors are nominally aligned so that the backreflection 
of the beam from the detector is parallel with the incident beam. For reflectance measurement (dashed beam) the detector under test was 
rotated 1.5°. The trap detector behind the neutral density filter was used for linearity measurements.
Table 4. Measurement parameters in the characterization 
measurements at Aalto University and at PTB.
Aalto University PTB
Vacuum wavelength/nm 488.12 532
Optical power/µW 100 240
Beam diameter (e−2)/mm 1.0 3.4
Polarization p p
PQED bias voltage/V 10 5
Number of reflections in PQED 7 9
Figure 12. Temperature dependence of dark current for n-type 
photodiodes of both sets and for a p-type photodiode similar to that 
characterized in [1–3]. The p-type photodiode was reverse biased to 
5 V, whereas nominal 10 V bias was used for n-type photodiodes.
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5.1. Temperature dependence of dark current
The temperature dependence of dark current, shown in 
figure  12, was measured from a single photodiode of both 
sets. The photodiodes were heated in the thermally isolated 
container and then left to cool down slowly to a near steady 
state temperature over a period of 24 h, while constantly 
monitoring temperature and dark current. For comparison, 
an earlier measurement of a p-type PQED dark current at 5 
V bias voltage is also shown. Both the dark current and its 
temperature dependence are significantly lower in the set A 
photodiode even though it is made using substrate twice as 
thick as that of set B. This is probably due to higher resistivity 
of the substrate and larger number of guard rings in the set 
A photodiode layout. These dark current properties become 
significant when low flux levels are measured, for example, 
in photometric applications [39, 40] or single photon applica-
tions [34].
5.2. Spatial uniformity of responsivity
The spatial uniformity of the responsivity was measured with 
a two-axis linear translator. The active area was scanned in 
both directions with 1 mm steps from  −4 to  +4 mm relative 
to the centre of the active area. The results, presented for the 
PQED labelled as A1 in figure 13, indicate that with a laser 
beam diameter of 1 mm, the responsivity changes less than 
30 ppm within a diameter of approximately 4 mm around the 
Figure 13. Spatial uniformity of responsivity for the PQED labelled as A1. Values are given as a relative deviation from the measured peak 
value. Reduced responsivity at the sides may be caused by loss of weak scattered radiation outside the main beam. A 4-mm-diameter circle 
with uniform responsivity is shown by the dashed red line.
Figure 14. Spatial variation in the photocurrent ratio of the PQED labelled as A1. The dashed red line corresponds to that of figure 13.
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signal centre in all detectors; similar uniformity was measured 
also for set B detectors. Thus, the spatial uniformity of the n-
type PQED can match that of the p-type PQEDs [3].
5.3. Spatial uniformity of photocurrent ratio
Figure 14 shows the photocurrent ratio of the two n-type 
photodiodes of the detector A1. The measured values across 
the detector are in agreement with the modelled value of 
4.52  ±  0.16 (k  =  2). Similarly to the p-type PQEDs, the pho-
tocurrent ratio of the n-type PQEDs shows a peak-to-peak 
variation of about 1% over the active area. It is remarkable that 
a feature of this magnitude is not seen in the spatial uniformity 
of the detectors. In addition to oxide thickness variations of 
the photodiodes, the non-uniformity in figure 13 is affected 
by non-uniform IQD, point-like defects on the surface of the 
photodiodes (e.g. dust particles), the entrance aperture shad-
owing the beam at large distances from the detector centre, 
and measurement noise. Consequently, the IQD of the n-type 
photodiodes is concluded to be spatially uniform at least 
within 30 ppm and the spatial variation of the photocurrent 
ratio is mainly due to variations in the photodiode reflectance.
5.4. Linearity
Figure 15 shows the linearity of the detector A1, which was 
measured by adjusting the optical power with neutral density 
filters in front of the laser and with the liquid crystal based power 
stabilizer (see figure 11). A three-element reflectance trap built 
from Hamamatsu S1337 photodiodes was used as a reference. 
The responsivity of the Hamamatsu S1337 has been demon-
strated to be linear up to photocurrents of 100 µA [77–80]. 
At higher power levels, a neutral density filter was used in 
front of the reference detector to maintain operation at the 
linear range. The non-linearity of the PQED, albeit measured 
with both photodiodes in parallel, is most probably dominated 
by the saturation of the first photodiode, as it measures about 
80% of the incident flux at 488 nm.
5.5. Specular reflectance
The dashed line in figure 11 shows the measurement scheme 
for specular reflectance. The power of the incident laser beam 
was measured with the PQED under test and a conventional 
three-element reflection trap detector was used to collect 
the reflected light from the PQED. This trap was compared 
against one of the PQEDs to determine its responsivity. The 
uncertainty budget of the reflectance measurement is similar 
to that given in [3], with the exception of components arising 
from the Brewster window, which in this case can be omitted. 
Typical absolute standard uncertainty of measured reflectance 
is around 0.2 ppm, where the largest component of uncertainty 
is the reproducibility of the measurements.
The measured values of reflectance at the wavelength of 
488 nm were (172.8  ±  0.2) ppm and (155.5  ±  0.2) ppm for 
detectors A1 and A2, respectively. For set B, the deviation 
was smaller; the measured reflectances were (109.3  ±  0.2) 
ppm for B1 and (111.3  ±  0.2) ppm for B2. All measure-
ment results are well within the standard uncertainty of the 
model led reflectance.
5.6. Absolute responsivity
P-type PQEDs, similar to those characterized in [1–3], were 
used as references in the absolute responsivity measurere-
ments of the n-type PQEDs. The reference at PTB was com-
pared against cryogenic ESR, whereas the responsivity of the 
reference at Aalto University and its uncertainty were pre-
dicted according to [1, 33]. The IQD value of PQED A3 was 
determined by correcting the measured responsivity with the 
calculated reflectance of (9.7  ±  2.0) ppm (see table  1). For 
others, the measured reflectance values were used. The mea-
sured IQD values together with the predicted values are shown 
in figure 16. The predicted value is calculated as the sum of 
absorption and recombination losses, while the combined 
uncertainty is taken as a quadrature sum of the uncertainties 
Figure 15. Relative change of responsivity as a function of incident 
flux, measured from the PQED labelled A1. Higher power levels 
were measured with a neutral density filter in front of the reference 
detector (red dots). The solid line is a guide to eye.
Figure 16. Absolute IQD measured at 488 nm (dots) and 532 nm 
(square). Black horizontal lines show the predicted IQD and cyan 
boxes indicate the estimated uncertainty of the model. Uncertainties 
are given at 95% confidence level.
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(see tables 1 and 3). The effect of quantum gain is in the order 
of 10−8 [33] and is neglected.
6. Conclusions
The first ever PQED to utilize n-type silicon and Al2O3 layer 
to form the induced junction was developed, manufactured, 
modelled and characterized. Due to the high fixed charge den-
sity, the Al2O3 layer can be a factor of 10 thinner than the 
SiO2 layers used with p-type PQED photodiodes. Two sets of 
detectors with different substrate doping concentrations and 
thicknesses were manufactured. ALD was used to grow the 
Al2O3 layer, as it provides a controlled method to produce uni-
form oxide layers to an atomically specified thickness.
The absorption and reflectance losses of the n-type PQED 
photodiodes were analysed using the TMM. For the calcul-
ations, the thickness and complex refractive index of the ALD 
grown Al2O3 layer were measured by spectroscopic ellip-
sometry. The reflectance and absorption losses both show a 
monotonic behaviour as a function of Al2O3 layer thickness. 
This suggests that the spatial variation of photocurrent ratio or 
reflectance could possibly be used to estimate the uniformity 
in the thickness of the oxide layer. Future work could include 
further investigation of these possibilities similarly as was 
done in [3, 38] for the p-type PQED.
In order to predict recombination losses, a 3D simulation 
model of the photodiode structure was built into Cogenda 
Genius semiconductor simulation software. The input param-
eters in the simulation are either obtained from wafer manu-
facturer, selected in the manufacturing processing, or they can 
be directly measured. A novel method to extract the values 
for the fixed charge density and the surface recombination 
velocity of electrons and holes was developed, where the rela-
tive change of photocurrent as a function of bias voltage is 
measured, and the simulated bias voltage dependence of pho-
tocurrent is then fitted to the experimental data. This makes 
the prediction of the PQED responsivity a completely autono-
mous process.
The characterization measurements at the wavelength of 
488 nm showed beneficial features for n-type photodiodes 
as compared with the earlier p-type PQED photodiodes. For 
both sets of photodiodes, the responsivity of the assembled 
PQEDs is uniform within 30 ppm in the central area of 4 mm 
in diameter. Set A photodiodes were measured to be linear up 
to about 4 mW of radiant flux with reverse bias voltage of 10 
V. This result is also consistent with the calculated linearity. 
For comparison, the p-type photodiodes are measured to be 
linear up to 400 µW at the wavelength of 760 nm and with 5 V 
bias [2]. In addition, the dark current of the set A photodiodes, 
and its temperature dependence, were shown to be signifi-
cantly smaller than those of p-type PQEDs. This property is 
favorable when radiant flux in the few photon regime is meas-
ured. Such a detector based on a single PQED photodiode is 
in development.
The predicted and measured responsivities of the n-type 
PQEDs show a systematic underestimation of the predicted 
IQD at the wavelengths of 488 nm and 532 nm. Possible 
explanations are the limitations and simplifications of the 1D 
model used to predict the spectral responsivity of the p-type 
PQEDs which has been used as reference in the determination 
of the IQD of n-type PQEDs at the wavelength of 488 nm. 
However, the IQD of PQED A3 at the wavelength of 532 nm 
measured against a cryogenic radiometer is significantly 
larger than the predicted IQD, too. This indicates that also 
the 3D model might underestimate the IQD. A reason for the 
higher than expected quantum deficiencies could be residual 
contaminations on the photodiode surface, and simplifica-
tions and limitations of the 3D model. Further investigation 
of the method to obtain simulation parameters is also needed. 
For example, the bias voltage dependence of the responsivity 
could be measured at different wavelengths and power levels.
The results obtained in this research indicate that the n-
type induced junction photodiode is a very promising alterna-
tive to the existing p-type detectors. Consequently, it proves 
that the manufacturing of PQEDs is no longer dependent on 
the availability of a particular silicon process. Finally, it gives 
additional credibility to the concept of a modelled quantum 
detector serving as a primary standard.
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